nanotubes/graphene, both were set at the quantum chemical and force field level [3] - [9] . Salahoor et al. elucidated the mechanism of adhesion between graphene and epoxy matrix layers and determined the corresponding interfacial fracture energy [10] . Minoia et al. investigated the mechanism of interfacial interaction between polyethylene and CNTs using MD and periodic density functional theory calculations, focusing on CH-π interactions [11] . Conversely, the study of Chen et al. involved pulling out single nanotubes from the polymer matrix, comparing MD simulation results with experimental data. Estimating the mechanism of adhesion between graphene and epoxy matrix layers is important for analyses of the detachment force. However, it might be a good idea to estimate the adhesion between graphene and epoxy matrix layers based on the physical properties of the epoxy resin because it is inferred that the carbon composites contain the surface epoxy resin that interacts with carbon graphene and the bulk epoxy resin. Since the above simulations did not investigate the physical properties of the epoxy resin or corresponding monomers, this work employed numerical simulations to evaluate the physical properties of epoxy monomers and the energies of their binding to carbon fibers, thus determining the optimal structures of these mechanical composites. Simulations were performed using Ab initio and MD methods, and the obtained results were compared with those of microdroplet tests. 
Experimental and Numerical Methods

Materials
Microdroplet Test
In the microdroplet test, performed using an HM410 instrument (Tohei Sangyo Co.), the melted resin was attached to a single carbon fiber extracted from the bulk. All samples were prepared at a constant temperature of 23˚C and a relative humidity of 55%.
Calculations
Compositional optimization was performed using the B3LYP hybrid density functional with a 6-31G(d) basis set, and the epoxy binding energy was estimated for the optimized structure. Charge densities for each optimized structure were calculated at MP2 (second-order Møller-Plesset perturbation, full)/6-31G(d) levels and also using the ChelpG method [12] . In our Ab initio calculations, graphene was substituted by benzene to reduce the number of atoms in the model and thus facilitate computation. Similarly to previous studies [13] [14], a COOH functional group was attached to benzene and allowed to react with epoxy monomers, as shown in Figure 2 , with its binding energy estimated by the Ab initio method. The above calculations were performed using Gaussian09 software [15] . k 1 was showed the C-O bond of a COOH functional group. k 2 was showed the C-O bond which was generated after carbon atom of epoxy ring attached a COOH functional group.
Interactions between epoxy compounds were modeled using GROMACS 5.1.2
[16] molecular modeling software implementing a version of AMBER03 [17] . All force field MD calculations were performed in an NPT ensemble at 300 K for 30 ns under the condition of a constant number of atoms and pressure using the Nose-Hoover thermostat [18] and the Parrinello-Rahman barostat [19] . Prior to NPT simulation, we conducted structural relaxation in an NVT ensemble at 800 K for 10 ns, utilizing a unit cell with 256 molecules. The LINCE algorithm [20] was applied to all constrained bonds in epoxy monomers. The simulation time step equaled 1 fs, and calculations utilized the epoxy monomer charge density estimated by the Ab initio method.
Results and Discussion
Microdroplet Test
The experimentally determined shear stress (Table 1) varied between 59 and 65 MPa, with the maximum corresponding to the BADGE/IPDA resin.
Epoxy Monomer Binding Energies
The C-O bond binding energies of k 1 and k 2 were estimated as shown in Figure   2 , with the corresponding numerical values listed in Table 2 . , whereas k 2 could not be obtained due to the non-convergence of performed calculations. Consequently, we compared the calculated binding energies and the shear strength values determined by the microdroplet test, revealing that these two parameters were not correlated. Thus, bonds between the functional groups of the carbon filer and the epoxy resin were hard to break. In addition, the calculation of binding energies was very time-intensive due to the multi-atom nature of the simulated compounds, implying that the adopted calculation method was not suitable for estimating the carbon fiber/epoxy interfacial fracture toughness.
Subsequently, we estimated interactions for each epoxy compound monomer by MD simulations. Its interaction energy meant the intermolecular interaction energy between resins in a bulk phase. The intermolecular interaction energy increased with the hardness and/or heat resisting of material [21] . The energy of bulk epoxy monomers, i.e., the interaction energy, was obtained by averaging the energies of the last 10 ns of simulation time, as indicated by Equation (1).
( ) 
Conclusion
We successfully utilized Ab initio and MD simulations to determine the intermolecular interaction energy for each epoxy monomer in bulk epoxy compound, observing a correlation between the simulated interaction energy and the shear strength determined by the microdroplet test and revealing that resin fragility possibly contributes to interfacial fracture toughness. Although we did not estimate carbon fiber/epoxy monomer interfacial energies, these energies, together with epoxy monomer interaction energies, allow the interfacial fracture toughness to be analyzed, which will be addressed in our future work.
